High piezoelectric activity of ferroelectrics with morphotropic phase boundary (MPB) compositions has been the focus of numerous recent investigations. The concept of a bridging low-symmetry phase between competing phase structures of the MPB composition remains controversial due to the compositional inhomogeneity near the MPB and the lack of appropriate experimental techniques to delineate the complex crystal structures. We have studied a simple ferroelectric BaTiO 3 by employing a high resolution synchrotron-based technique, in which the formation of different symmetry regions due to chemical inhomogeneity can be ruled out. We observed two types of thermotropic phase boundaries, revealing the importance of interphase-strain in the formation of a bridging phase between competing phases and the enhancement of functionality. Perovskite ferroelectrics are a fascinating class of materials for their excellent piezoelectric properties, which have been widely used in electromechanical devices (such as sensors, medical transducers, underwater sonars, and memory device), as well as for their rich physics underlying the high functional properties involving phase transitions. [1] [2] [3] [4] [5] For solid solution ferroelectrics with compositions in the vicinity of the morphotropic phase boundary (MPB), various functionalities, including piezoelectric activity, dielectric response, as well as energy dissipation, are significantly enhanced. [5] [6] [7] A remarkable advance made in searching for high piezoelectricity materials is the discovery of relaxor-PbTiO 3 (PT) single crystals with the MPB composition, such as Pb(Mn 1/3 Nb 2/3 )O 3 -PT (PMN-PT) and PbZn 1/3 Nb 2/3 O 3 -PT (PZN-PT) systems, in which piezoelectric coefficient d 33 and electromechanical coupling factor k 33 can reach as high as 2500 pC/N and 0.9, respectively. 6 At the MPB, phenomenological calculations predicted that the free energy profile of system is rather flat and an easy polarization rotation can be induced through a subtle monoclinic distortion of the lattice structure, which have also been experimentally demonstrated in various perovskite systems, including Pb(Zr,Ti)O 3 (PZT), PMN-PT, and PZN-PT. 8, 9 A universal phase diagram for high-piezoelectric perovskite systems had been proposed based on the Landau theory, 10 with emphasized the importance of high-order expansion terms in the Landau free energy. Experiments demonstrated three types of monoclinic phases, i.e., M A , M B , and M C phases that can bridge competing higher symmetry phases, i.e., co-existing of rhombohedral (R), tetragonal (T), and/or orthorhombic (O) phases.
Those previous results suggested that a strong piezoelectric effect is associated with an intermediate low-symmetry phase, which promotes an intriguing question: what is the physical role of the low-symmetry phase in the enhancement of functional properties near a phase boundary?
It is well known that for complex systems, such as relaxor-PbTiO 3 , chemical inhomogeneity and nano-polar regions are inevitable, adding to the confusion between local and average symmetries in structural investigations. 11 Most importantly, it is very difficult to conclusively identify lowsymmetry phases at the MPB because the resolution of available facilities is not high enough to fully resolve the subtle difference in structures among all competing phases. 12 On the other hand, using a network of competing and coexisted domains, local monoclinic phase, symmetry lowering, and properties increasing phenomena have been observed by synchrotron-based techniques in pure BaTiO 3 at the O $ T thermotropic phase boundary (TPB), [13] [14] [15] which may be used as a simplified model of phase boundary in the MPB composition of solid solutions. In this study, synchrotronbased x-ray techniques with ultrahigh d-spacing resolution, together with Raman spectroscopy, were employed to accurately resolve the two types of TPBs in BaTiO 3 .
In-situ synchrotron XRD experiments were performed at the Argonne National Laboratory beam line 11-BM from 160 K to 320 K. The instrument resolution is Dd/d $ 0.00017, representing the state-of-the-art d-spacing resolution for diffraction measurements. 16 Temperature dependent Raman spectroscopy measurements were performed using a 514.5 nm excitation laser source.
BaTiO 3 undergoes a series of ferroelectric phase transitions upon heating, from rhombohedral (R) to orthorhombic (O), then from O to tetragonal (T), and finally from T to the paraelectric cubic (C) phase. [17] [18] [19] Considering that the signature of a TPB is a thermal stabilized structure balancing between two or more competing phases, 13, 14 it is possible to find TPBs around ferroelectric phase transition temperatures.
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To investigate the O $ T phase transition sequence, high resolution XRD patterns were collected from 260 K to 320 K and the diffraction profiles around pseudocubic {200} pc diffraction peak were given in Fig. 1(a) . At 280 K, multi-peak characteristic was observed within the diffraction angle range of 11.79 -11.84 (see the inset of Fig. 1(a) ), indicating that the obtained XRD pattern cannot be satisfied by the single phase or mixed-phase models of the two competing phases, namely, Amm2, P4mm, or Amm2 þ P4mm, because the space group Amm2 only allows for one {200} pc peak and there is no peak corresponding to the space group P4mm. Therefore, there must be a low-symmetry phase contributing to the {200} pc peak splitting, which can be further supported by crystallographic refinement results, as shown in Fig. 1(b) . It was found that the Amm2 structure persisted up to 260 K, above which monoclinic symmetry Pm began to emerge, associated with mixed-phase models of Pm þ Amm2, Pm þ Amm2 þ P4mm, and Pm þ P4mm at 270 K, 280 K, and 290 K, respectively, then followed by a Pm ! P4mm phase transition above 320 K. This temperature-driven structural evolution demonstrated a thermodynamically stabilized structure among various competing phases over a broad temperature range ($50 K), agreeing well with the results of phase field modeling, 14 and confirmed the existence of TPBs with a bridging M C phase. Furthermore, based on the results shown in Fig. 1(b) , detailed structural parameters as a function of temperature were obtained and listed in Table I , with emphasis on the mixed-phase and competing symmetry characteristics compared to the previous neutron results that only fitted to a single phase model.
To investigate another ferroelectric phase transition R $ O, XRD pattern from 180 K to 220 K was collected. Selected profiles at 200 K are shown in Fig. 2(a) , in which one can see that peaks belong to both R and O were resolved clearly, revealing a mixed-phase phenomenon. Based on the refinement results as shown in Fig. 2(b) , ferroelectric phase transition sequence of R3m ! R3m þ Amm2 ! Amm2 was concluded and the temperature dependent lattice parameters are listed in Table II . In contrast to the O $ T phase transition, there is no symmetry lowering intermediate phase between the R and O phases when crossing the phase boundary, which provides further support to the results of Raman spectroscopy shown in Fig. 2(c) , in which no new peaks were observed. transition in BaTiO 3 depends not only on temperature but also on the preceding thermal history, which can be understood from the fact that the initial developments of the O phase on heating and the R phase on cooling are hindered by the interphase-surface free energy and the strain to which the growing nuclei are subject to. Therefore, an additional thermal driving force is required to outweigh the surface, interface, and strain effects. In addition, it is well known that phonons are very sensitive to defects and interface/surface conditions. 20 Therefore, thermal barriers induced by the rich R/O interphase boundaries and/or particle surfaces could lead a difference in transition temperature among various parts of the whole system and also play an important role in thermal hysteresis. As shown in Figs. 3(a) and 3(b) , although there is no symmetry lowering, the R3m þ Amm2 mixedphase structure can be thermodynamically stabilized over a relative broad temperature range of $20 K, demonstrating another type of TPBs without a bridging phase.
Ferroelectric phase transitions are believed to occur at an extremely short time-scale of 10 À12 -10 À6 s, 21, 22 much faster than the heating or cooling speed in the present study, which is $2 C/min, indicating a time-independent behavior. However, a significant difference was found in measured {200} pc Bragg reflections between heating (II) and heating (III) (waiting for half hour after heating (II)) processes completed, as shown in Fig. 3(b) , showing a time dependent characteristic. Such an anomaly can be explained by the theory of phase transition kinetics, in which the rate of nucleation for the new phase, r, can be described as follows:
where DF is the energy barrier for the phase transition; and k B and T denote the Boltzmann constant and temperature, respectively. Thus, the rate of nucleation will be delayed by increased energy barrier from additional interphase/surface energy and local strain fields, which has been observed in La-PZT systems. 22 Note that for heating (III) process, each Bragg reflection was collected half hour ($1800 s) after completing the respective test assigned to heating (II). Thus, as shown in Fig. 3(b) , the slowing down in phase transition to 10 3 s time scale provides an opportunity to investigate the details on the kinetics and time-dependent properties in BaTiO 3 -based ferroelectrics. Based on the XRD refinement results, the O phase fractions for the four thermal processes, including heating, cooling, heating (II), and heating (III), are summarized in Fig. 3(c) with emphasis on the effects of thermal hysteresis and kinetic characteristics.
To explore the origin of the M C symmetry occurred at O-T TPBs and the absence of such a bridging phase at R-O TPBs, the Gibbs free energy changes for R ! O and O ! T phase transitions can be expressed as follows:
and
Here, DU and DS denote the internal energy and entropy changes, respectively. Then, based on thermodynamic parameters (for R The appearance of low symmetry bridging phase is also strongly associated with strain accommodation between the two competing phases.
24 Fig. 4(a) shows the unit cells of BaTiO 3 in tetragonal, orthorhombic, and rhombohedral phases. One can see that if we treat every elementary cell as a parallelepiped, there are two types of planes for tetragonal (rectangle and square) and orthorhombic (rectangle and rhombus) phases, but only one type of rhombus plane for the rhombohedral phase. Thus, the coexistence of two phases forms four types of O/T interface but only two R/O interfaces, so that the corresponding lattice strain states can be qualitatively obtained, as illustrated in Figs inhomogeneous transformations and an obvious difference in local stains for the two types of cells, giving rise to the lowsymmetry distortion and a bridging phase at O $ T interphase boundaries. On the other hand, the spontaneous strain in the rectangle lattice plane of the orthorhombic unit cell is very small ($1.003), which means that the shear stresses along adjacent sides of a rhombohedral unit cell are almost the same so that nearly synchronous transformations occur, as shown in Fig. 4(c2) . Thus, the spontaneous polarization in the phase transition can occur along a discontinuous path through a "jump" between potential wells. For this case, bridging phases are not necessary for the R $ O phase transition.
Based on the results of BaTiO 3 , the dielectric response and piezoelectric activity were significantly improved as the system approaching both O $ T and R $ O TPBs, no matter if there is a bridging monoclinic phase, such as in the O $ T transition, or without a bridging phase, like the R $ O transition. In other words, an individual low-symmetry phase is not necessary for the enhanced properties. Moreover, ultrahigh piezoelectric activity ($2300 pC/N) was observed in PMN-0.31PT single crystals with R/M MPB composition, while much lower value of 1200 pC/N was found in PMN-0.34PT crystals with individual monoclinic structure. 25 On the other hand, when the potential barrier between two competing phases is high, bridging phase may be generated to form complex phase boundaries. As illustrated in Fig.  4(d) , these phase boundaries are strongly associated with the flattened energy profile by the introduction of a shallow potential well due to the addition of a bridging phase, thus enhanced properties are found in the vicinity with structurally less-stable characteristics.
In summary, by employing ultrahigh d-spacing resolution synchrotron-based technique, two types of TPBs in classic ferroelectrics BaTiO 3 were experimentally demonstrated to have a general characteristic of the coexistence of competing phases over a broad temperature range. Our observations of the presence of a monoclinic phase at the O $ T transition and the absence of such a monoclinic phase at the R $ O phase strongly support the notion that structural uncertainty between competing phases is the key factor for the functional property enhancement behavior of ferroelectrics, while the presence of a bridging phase is not necessary. Generally speaking, in the vicinity of structural transitions, spontaneous polarizations and unit cell structures are less stable so that they can be easily altered by applying external fields, which cause the enhancement of various functional properties. This fundamental insight gained from our study suggested that realizing a thermodynamically strong competing pair phases at the micro scale is critical to create enhanced functional properties in ferroic systems.
